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RADIATION HEAT TRANSFER I N  ABSORBING, SCATTERING, 
AND EMITTING MEDIUM 

F.  Shahrokhi* and P. Wolf' 

The U n i v e r s i t y  of  Tennessee Space I n s t i t u t e  
Tullahoma, Tennessee 

ABSTRACT 

I n  r e c e n t  t i m e s  s e v e r a l  a r t i c l e s  have been p u b l i s h e d  

i n  which t h e  r a d i a t i v e  h e a t  f low i s  computed between p l a n e  p a r a l l e l ,  

p l a t e s  w i t h  a n i s o t r o p i c a l l y  s c a t t e r i n g  atmosphere.  An invo lved  

a n a l y t i c a l  t r e a t m e n t  employing ma t r ix  c a l c u l u s  and a computer 

program a s  long  and invo lved  a s  t h e  mathemat ica l  a n a l y s i s  w a s  

u sed .  

Work p r e s e n t e d  h e r e i n  i n d i c a t e s  t h a t  a u s a b l e  s o l u t i o n  

t o  t h e  problem c a n  be o b t a i n e d  by s imple  i t e r a t i o n  o f  t h e  s e t  

of  e q u a t i o n s  which r e s u l t  from approximat ion  of  t h e  e q u a t i o n  of  

r a d i a t i o n  t r a n s f e r .  The i t e r a t i o n  worked p e r f e c t l y ,  t h e  computer 

program is s imple  and s h o r t ,  and t h e  method can  accomodate t h e  

same, i f  n o t  more, parameter  v a r i a t i o n s  t h a n  t h e  more a n a l y t i c a l  

t r e a t m e n t s .  

T h i s  s t u d y  w a s  c a r r i e d  o u t  as p a r t  of a r e s e a r c h  program 
b e i n g  performed under  NASA S u s t a i n i n g  Grant  NGR-43-001-021 

* A s s i s t a n t  P r o f e s s o r  of Aerospace Engineer ing  

+Graduate  Research  A s s i s t a n t  



INTRODUCTION 

The s o l u t i o n  g i v i n g  t h e  r a d i a n t  h e a t  t r a n s f e r  between 2 

p a r a l l e l  p l a t e s  w i t h  an a n i s o t r o p i c a l l y  s c a t t e r i n g ,  a b s o r b i n g  and 

e m i t t i n g  gas i n  t h e  s p a c e  between t h e  p l a t e s  f o r  one-dimensional  

c o n d i t i o n s  w a s  p r e s e n t e d  by (1)  ( 2 ) .  By computing monochromatic 

h e a t  flow v a l u e s ,  changes  i n  gas-  and w a l l - r a d i a t i o n -  p r o p e r t i e s  

c o u l d  be f u l l y  accoun ted  for. The s c a t t e r i n g  mechanism was i n t r o -  

duced by t h e  Mie-theory ( 3 ) .  The s c a t t e r i n g  f u n c t i o n  may a l s o  

be t a k e n  from r e s u l t s  o f  measurements ( 4 ) .  To r e p r e s e n t  t h e  

s o l u t i o n ,  t h e  p r e v i o u s  a u t h o r s  took  t h e  e q u a t i o n  o f  r a d i a t i o n  t r a n s -  

f e r  i n  i t s  one-dimensional  form and approximated t h e  i n t e g r a l  by 

Gauss-quadrature .  T h i s  approach produces  a sys t em o f  e q u a t i o n s  

o f  a n  order a c c o r d i n g  t o  t h e  order of t h e  q u a d r a t u r e s .  The whole 

v e c t o r  of discrete  r a d i a t i o n  i n t e n s i t y  v a l u e s  w a s  t h e n  computed by 

m a t r i x  methods, which w i t h  t h e  boundary c o n d i t i o n s  a t  t h e  t w o  w a l l s  

and f o r  a r b i t r a r y  g a s  t e m p e r a t u r e s ,  r e s u l t e d  i n  an e x t e n s i v e  computer 

program. 

Because o f  t h e  q u a d r a t u r e  a p p r o x i m a t i o n s  t h e  r e s u l t s  w i l l  

have a d e f i n i t e  e r r o r ,  p a r t i c u l a r l y  f o r  g a s e s  w i t h  h i g h  tempera-  

t u r e  g r a d i e n t .  

The method used  h e r e i n  is  t o  e v a l u a t e  t h e  s y s t e m  of e q u a t i o n s  

r e s u l t i n g  from t h e  e q u a t i o n  of t r a n s f e r  by d i r e c t  i t e r a t i o n  u s i n g  

f i n i t e  d i f f e r e n c e  methods.  The computer c a l c u l a t i o n  f o r  t h e  

i n t e n s i t i e s  conve rges  s u f f i c i e n t l y  and c a n  accomodate v e r y  
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a r b i t r a r y  and a b r u p t  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  g a s .  T h i s  l a t t e r  

c a p a b i l i t y  is impor t an t  for r a d i a t i o n  h e a t  f l u x  a n a l y s i s  e . g .  t h rough  

s t r o n g l y  s c a t t e r i n g  boundary l aye r s .  The program is  s t r a i g h t - f o r w a r d  

and t h e  heat  f l u x e s  can be computed a t  any p o s i t i o n  i n  t h e  g a s  l a y e r .  

The i t e r a t i o n  scheme can  be l i n k e d  i n t o  a c a l c u l a t i o n  l o o p  

for n o t  o n l y  r a d i a t i v e  b u t  a l s o  conduc t ion  and c o n v e c t i o n  heat 

t r a n s f e r .  

S i n c e  i n  boundary l a y e r  t y p e  f lows  t h e  changes  i n  one 

d i r e c t i o n  (y)  are much h i g h e r  t h a n  i n  t h e  o t h e r  ( x ,  a l o n g  t h e  s t r e a m )  

t h e  one-d imens iona l  approach  for t h e  r a d i a n t  h e a t  f l u x  w i l l  be a 

r e a s o n a b l e  approx ima t ion  t o  t h e  two-dimensional c a s e .  

ANALY S IS 

The the rma l  r a d i a t i o n  i n t e n s i t y  i n  a p a r t i c i p a t i n g  medium 

is d e s c r i b e d  by t h e  e q u a t i o n  of t r a n s f e r :  

bbV 
+ P"v 1 

The s c a t t e r i n g  f u n c t i o n  S ( S , S ' )  is norma l i zed ,  and t h e  s c a t t e r i n g  

c o e f f i c i e n t  ~ , , g i v e s  tine amount of s c a t t e r e d  r a d i a t i o n .  s ,  s '  

are u n i t  v e c t o r s  d e s c r i b i n g  a d i r e c t i o n  i n  g e o m e t r i c a l  s p a c e .  For 

t h e  one-d imens iona l  case ( s e e  F i g u r e  l ) ,  t h i s  means t h e  s c a t t e r i n g  prop-  

e r t i e s  are o n l y  x-dependent .  The p l a t e s  are i n f i n i t e l y  l a r g e  and 

Of un i fo rm t e m p e r a t u r e ,  Equa t ion  1 becomes 

- -  
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F i g .  1 

(2) s i n  8’ de ’  dq’ + P K  Ibb 

The f requency  n o t a t i o n  h a s  been dropped for c l a r i t y  of p r e s e n t a t i o n .  

S ( 6 )  i s  t a k e n  t o  be t h e  a x i a l l y  s y m m e t r i c  s c a t t e r i n g  f u n c t i o n ,  

and E is t h e  a n g l e  between incoming and s c a t t e r e d  r a y .  

With I b e i n g  a f u n c t i o n  of p o s i t i o n  x and t h e  a n g l e  8 o n l y ,  i t  can 

be w r i t t e n  ( r e f e r e n c e  ( 1 ) ) :  

COS e = 

2n 
S(l.L,p,’) = - J S(G)dcp’ 

2n 0 
(3) 

The i n t e g r a l  becomes: 

and Equat ion  2: 

4 



I The streams of intensity will be treated separately, because of 
I 

1 
I their independence of each other at the walls (5). I + is the inten- 
, sity in a direction toward wall 2, I- is the intensity in the reverse 

or backward direction. The integral will be approximated by Gauss 

quadrature, pi and p are discrete direction cosines fo r  the 
j 

I quadrature points. 
1 

I - dI1 - - PB I+ + Po c k a.(s(p.p.)I++s(pi-p.)1: + 1 

- 
1 J 1 J  J J J  2p. j=1 

pi (W pi 1 I dx 

k = order of the quadrature i = 1, 2, 3, . . . k 
dI- k 
- -  - PB I- - E c a.(~(-p.p.)~+ + ~ ( - p ~ - p ~ ) ~ - ~ )  

1 J  3 i 2pi j=l J 
Pi dx 

- p“ Ibb 
pi 

I (signs changed because l-i= - pi) 
~ 

I 

Wall 1 

Fig. 2 
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A f i n i t e  d i f f e r e n c e  q u o t i e n t  may now be i n t r o d u c e d  for t h e  d i f f e r e n t i a l  
d I i  
- . Forward, backward or c e n t e r e d  d i f f e r e n c e s  may be used .  

dx 
d I i  
- 

- Ii  I i  n + i  n n n-1 
- Ii I i  

o r  = or - - 
Ax @X dx a t  p o s i t i o n  n 

- Ii  
n+l  n-1 - I i  

- 

2 . Ax 

Computations were made w i t h  t h e  th ree  r e p r e s e n t a t i o n s .  The s imple  forward 

and backward q u o t i e n t s  r e s u l t e d  i n  a more s t a b l e  i t e r a t i o n  scheme 

w i t h  a 50 t i m e s  h i g h e r  p o s s i b l e  s t e p  s i z e ,  @x t h a n  t h e  c e n t e r e d  

q u o t i e n t  p e r m i t t e d .  The t r u n c a t i o n  error f o r  t h e  s imple  q u o t i e n t s  

i s  i n  t h e  o r d e r  of magnitude of Ax compared t o  t h a t  of (Ax>* for 

t h e  c e n t e r e d  q u o t i e n t .  I n  s p i t e  of t h e  l a r g e r  e r ro r  of t h e  s imple  

q u o t i e n t s ,  i t  w a s  e s t a b l i s h e d  t h a t  t h e  accuracy of t h e  s imple  q u o t i e n t s  

was c o n s i s t e n t  w i t h  p o s s i b l e  e r rors  i n t r o d u c e d  by t h e  q u a d r a t u r e .  

The resl-'lts for  s imple  q u o t i e n t  d i f f e r e d  by 2% a t  m o s t  

from those w i t h  t h e  c e n t e r e d  q u o t i e n t  a t  t h e  h i .ghes t  comparable 

s t e p  s i z e  @x, 

Thus  t h e  s i m p l e  r e p r e s e n t a t i o n  of t h e  d e r i v a t i v e s  w a s  

chosen f i n a l l y :  

k 
- - - I + + P OAX c a + +  + - Ii  + 

n+l  n p i  n 2 l i  j=1 j I i  

K@X I jn>  + p I 
bbn 

+ S i - j  
I J - i  

6 



- pKaX 1 
I-Li bbn i = 1 , 2 , 3  . . .  k (7b) 

These equations express the intensity in a direction +pi or -ki 

at a position (n + 1) on the x-axis in terms of the conditions at 
point (n) , see Figure 2. 

- 
+ and Ii are vectors of k components. Equations 7 
n+ 1 n+i Ii 

are the zssential equations for the iteration on the computer. 

BOUNDARY CONDITIONS 

The radiation flux directed to the walls is partly absorbed 

and partly reflected. Additionally, the walls emit radiation. The 

walls will be introduced as diffusely reflecting. This condition 

can easily be removed as soon as the reflection properties of the 

walls are known. 

Outgoing intensity at wall 1: 

I(X = 0, p..) = € 1  - I + p l  2 c a.L I(X = 0 > -  w j )  
k 

J J  j= 1 1 bbl 

The first part is the emission of the wall, the second part is the 

reflected heat flux, the sum is the quadrature expression of the 

incoming flux: 

7 



2n  n 
I ( x  = 0 ,  @)cos 8 s i n  8 de d9 F- 1 - s s  

7T I T  qP=O 8=T/2  
- -  - 

- -1 k 

+ k 

S i m i l a r l y  for  w a l l  2 w i t h  N t h e  t o t a l  number of i n t e g r a t i o n  s t e p s ,  

N l y i n g  on  w a l l  2 - k + 

i =  1, 2 ,  3. . . k 
T h i s  shows t h a t  t h e  boundary c o n d i t i o n s  depend on t h e  s o l u t i o n  i n  

t h e  f i e l d ,  because  t h e  incoming i n t e n s i t i e s  a t  each w a l l  must be  

known t o  e x p r e s s  t h e  o u t g o i n g  i n t e n s i t i e s  which  r e p r e s e n t  t h e  

boundary c o n d i t i o n s .  

These ou tgo ing  i n t e n s i t i e s  are  e q u a l  fo r  a l l  d i r e c t i o n s  pi 

because  of t h e  d i f fuse -wa l l - a s sumpt ion .  

THE ITERATION SCHEME 

Because  of  t h e  p e c u l i a r  boundary c o n d i t i o n s  t h e  i t e r a t i o n  

is s t a r t e d  i n  three s t e p s .  

F i r s t ,  assuming no p a r t i c i p a t i n g  medium t h e  o u t g o i n g  i n t e n s i t y  

is computed f o r  one  w a l l  

8 



I or 

for  t w o  p l a n e  p a r a l l e l  p l a t e s  of e m i s s i v i t y  E 

t u r e s  T1 and TN. 

and eN and tempera- 
1 

I One of these r e s u l t s  is t a k e n  t o  s tar t  t h e  i t e r a t i o n  under 

t h e  assumption t h a t  t h e  gas  a b s o r b s  and e m i t s  o n l y ,  wh ich  r e d u c e s  

t h e  e q u a t i o n s  (7) t o  s imply  

T h i s  s t e p  is necessa ry  because  t h e  backward i n t e n s i t i e s  If are no t  
~ 

~ y e t  known, if t h e  computa t ion  is s t a r t e d  a t  w a l l  1 and s t e p s  
I forward t o  w a l l  2 .  The  s c a t t e r i n g  sum i n  Equat ion  (7)  can  no t  be 

computed a t  t h i s  s t a g e .  Note t h a t  t h e  e x t i n c t i o n  c o e f f i c i e n t  f3 : 
I 
I has  t o  be r e p l a c e d  by t h e  a b s o r p t i o n  K here.  
j 

The i t e r a t i o n  a r r i v e s  w i t h  ( l l a )  a t  w a l l  2 ,  boundary c o n d i t i o n  

(9) c a n  be computed and now under  u s e  of a backward f i n i t e  d i f f e r e n c e  
I 
I q u o t i e n t  

d I  E I n  - In-1 - In-1 - I n  - _  - 

dx Ax -AX 

t h e  c a l c u l a t i o n  c a n  go back t o  w a l l  1 

9 



H e r e  boundary c o n d i t i o n  (8) is used t o  compute a b e t t e r  v a l u e  I l l  
T h i s  i t e r a t i o n  is r u n  u n t i l  t h e  d i f f e r e n c e  between t w o  s u c c e s s i v e  

v a l u e s  of one p a r t i c u l a r  i n t e n s i t y  does  not  d i f f e r  by more t h a n  5%. 

For t h e  i n t e n s i t y  w a s  t a k e n  t h e  w a l l  i n t e n s i t y  Ill, because t h i s  

i n s u r e d  t h a t  a l l  o t h e r  I v a l u e s  would be a c c u r a t e  enough. 

T h e  i n t e n s i t y  f i e l d  t h u s  computed is t a k e n  as i n i t i a l  v a l u e s  

for t h e  f i n a l  i t e r a t i o n  w i t h  s c a t t e r i n g  i n c l u d e d .  Compute w i t h  

(7a)  t o  wal l  2 ,  u s e  boundary c o n d i t i o n  (9) and u s e  
k 

S I  
Ki bbn 

on t h e  way back from w a l l  2 t o  w a l l  1 

U s e  boundary c o n d i t i o n  (8) t o  t u r n  around a t  w a l l  1 f o r  t h e  n e x t  

i t e r a t i o n  s t e p .  

+ This  i t e r a t i o n  was s t o p p e d  when t h e  w a l l  i n t e n s i t y  I 
il 

d i d  not  d e v i a t e  for more t h a n  0.01% between t w o  s u c c e s s i v e  i t e r a t e d  

v a l u e s .  

With t h e  whole i n t e n s i t y  f i e l d  given,  t h e  monochromatic h e a t  

f l u x  a t  e v e r y  p o s i t i o n  n can  e a s i l y  be computed 
a/ 2 

p= 0 
QV(xn)  = 2~ J (1x1~)- I i ( p ) )  1-1, dw 

w i t h  q u a d r a t u r e  
k 

10 



The black body i n t e n s i t y  is 

2hv3 1 
hv Ibb(T)  = - . 

C2 e x P ( m )  - 1 

Equat ions  7 a , 8 ,  9 ,  l o a ,  l l a ,  1 2 ,  13, 14, 15 are  t h e  bas i s  of t h e  

computer program. Temperature  f u n c t i o n s  T(x)  + T I ,  T 2 ,  TS . . . 3, 

were c r e a t e d  i n  a sub-program. 

(1) for 

w i t h  a n 

The s c a t t e r i n g  f u n c t i o n s  S(p.p . )  = S were t a k e n  from 

Mie s c a t t e r i n g .  
1 J  i j  

n= 00 

t a b u l a t e d  i n  ( 6 ) ,  Pn t a b u l a t e d  i n  (7), 0 ,  p,  K v a l u e s  were 

t a k e n  f r o m  (1) and (7). 

The i t e r a t i o n  needs ,  a t  t h e  most, 5 t o  10 i t e r a t i o n  s t e p s  

t o  a r r i v e  a t  t h e  r e q u i r e d  accuracy  and consumes v e r y  l i t t l e  computer 

t i m e .  

So t h e  monochromatic heat f l u x e s  for 15 t o  20 f r e q u e n c i e s  

may e a s i l y  be computed; and,  w i t h  a numerical  i n t e g r a t i o n  

( t r a p e z o i d a l  

be found: 

QR = 

or Simpson method) ,  t h e  t o t a l  r a d i a n t  h e a t  f l u x  can  

For t h i s  i n t e g r a t i o n  i s  is p e r m i s s i b l e  t o  assume t h a t  t h e  thermal 

r a d i a t i o n  a t  t h e  u s u a l  t e m p e r a t u r e s  is i n  t h e  f requency  band: 
1 - 1010 1 - < 5 

sec see 

S i n c e  t h e  heat  f l u x  computat ion is worked on 100 t o  300 

p o i n t s  on t h e  s p a c e  c o o r d i n a t e ,  a p r e c i s e  p i c t u r e  of t h e  l o c a l  

11 



h e a t  f l u x  can  be g i v e n  from w a l l  t o  w a l l ,  and a l s o  t h e  hea t - sou rce  

d i s t r i b u t i o n  can  be computed: 

Discuss ion  of R e s u l t s  

To check t h e  i t e r a t i o n  method f o r  errors and g e n e r a l  

accuracy ,  r e s u l t s  were compared t o  t h o s e  of (2)  for one data  se t  

(see Figure  3 and F i g u r e  4 ) .  The f i g u r e s  g i v e  t h e  r a t i o  of  t h e  w a l l  

hea t  f l u x e s  a t  w a l l  1 ( F i g u r e  3)  and a t  w a l l  2 (F igu re  4)  w i t h  

s c a t t e r i n g  to  t h e  w a l l  h e a t  f l u x e s  f o r  no p a r t i c i p a t i n g  medium and 

b l a c k  w a l l s  for a r a n g e  of r e l a t i v e  p a r t i c l e  s i ze s  and l i n e a r  t e m -  

perature  d i s t r i b u t i o n  i n  t h e  g a s .  The d e v i a t i o n s  between t h e  r e s u l t s  

o f  t h e  two methods are w r i t t e n  i n t o  t h e  f i g u r e s .  The maximum is 

+18%. The f o l l o w i n g  r e a s o n s  w i l l  account  for t h e  d i f f e r e n c e s :  

Author ( 2 )  u s e d  o n l y  a t h i r d  order q u a d r a t u r e  f o r  t h e  i n t e n s i t y  

s c a t t e r i n g  i n t e g r a l ,  whereas t h e  i t e r a t i o n  was worked i n  f o u r t h  

order q u a d r a t u r e ,  double  p r e c i s i o n ,  250 s t e p s  on the  x - c o o r d i n a t e .  

Comparison r u n s  w i t h  t h e  i t e r a t i o n  showed t h a t  r e s u l t s  from t h i r d  

order quadra tu re  d i f f e r  up t o  15% from t h o s e  of f o u r t h  order 

approximation f o r  h i g h e r  a -va lues  where  t h e  s c a t t e r i n g  f u n c t i o n  

deve lops  very  s t e e p  peaks  for forward and backward s c a t t e r i n g .  

The method (2) approximates  t h e  t e m p e r a t u r e  p r o f i l e  by a 

polynomial w h i c h  w a s  i n  t h e  number c a l c u l a t i o n s  of s e v e n t h  o r d e r ;  t h e  

i t e r a t i o n  method u s e s  t h e  t e m p e r a t u r e s  a t  a s  many p o i n t s  as  there  a re  

f i n i t e  d i f f e r e n c e  s t e p s ,  i n  t h e  number c a l c u l a t i o n s  a c t u a l l y  250. 
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I t  was observed  t h a t  t h e  r a d i a n t  t r a n s f e r  p r o c e s s  is ve ry  

s e n s i t i v e  t o  even s m a l l  t e m p e r a t u r e  changes.  Thus i t  seems n e c e s s a r y  

t o  r e p r e s e n t  t h e  g i v e n  t e m p e r a t u r e  p r o f i l e  as t r u e  as  p o s s i b l e ;  b u t  

i t  canno t  be s a i d  q u a n t i t a t i v e l y  what error is i n t r o d u c e d  by u s i n g  

an approx ima t ing  polynomia l  f o r  t h e  t empera tu re  p r o f i l e .  

Comparison r u n s  of t h e  i t e r a t i o n  method w i t h  forward-  

backward f i n i t e  d i f f e r e n c e  q u o t i e n t  and w i t h  c e n t e r e d  f i n i t e  d i f f e r e n c e  

q u o t i e n t  ( t r u n c a t i o n  error p r o p o r t i o n a l  t o  t h e  s t e p  size Ax and 

p r o p o r t i o n a l  t o  (Ax)2 r e s p e c t i v e l y )  showed t h a t  u s i n g  t h e  s imple  

forward-backward r e p r e s e n t a t i o n  w i t h  its h igh  i t e r a t i o n  s t a b i l i t y  

r a n g e  d e v i a t e s  a t  t h e  most for 2% from t h e  r e s u l t s  w i t h  c e n t e r e d  

f i n i t e  d i f f e r e n c e  q u o t i e n t .  

To make t h e  e r r o r s  due t o  l o w  o r d e r  q u a d r a t u r e  approximat ion  

s m a l l ,  t h e  sa fes t  means is t o  i n c r e a s e  t h e  order of  q u a d r a t u r e .  

T h i s  c a n  be done w i t h  no c o m p l i c a t i o n s  a t  a l l  f o r  t h e  i t e r a t i o n  

method, p r o v i d e d  t h e  i n t e g r a t e d  Legendre po lynomia l s  a re  worked o u t  

for h i g h e r  o r d e r  q u a d r a t u r e s .  

, 

F i g u r e s  5 t o  8 show t y p i c a l  r e s u l t s  of t h e  i t e r a t i o n  method, 

g i v i n g  t h e  r a d i a n t  h e a t  f l u x  as a con t inuous  f u n c t i o n  throughout  t h e  

g a s  l a y e r ,  and g i v i n g  t h e  co r re spond ing  h e a t  s o u r c e  d i s t r i b u t i o n  d i c -  

t a t e d  by t h e  assumed l i n e a r  t empera tu re  d i s t r i b u t i o n  i n  t h e  g a s .  

For t h e  t o t a l  r a d i a n t  h e a t  f l u x  t h e  monochromatic heat  f l u x e s  and 

a l so  t h e  h e a t  s o u r c e  d i s t r i b u t i o n s - - w o u l d  have t o  be summed up ove r  

t h e  f r e q u e n c i e s .  
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F i g u r e s  5 t o  8 show t h a t  for  l i n e a r  g a s  t e m p e r a t u r e  

t h e  r a d i a t i o n  h e a t  f l u x  is much h i g h e r  i n  t h e  c e n t e r  r e g i o n  t h a n  c l o s e  t o  

t h e  w a l l s .  The g r a d i e n t s  are h i g h  i n  t h e  w a l l  r e g i o n s .  The gas 

l a y e r  a t  t he  h o t  w a l l  has  s t r o n g  heat s o u r c e s  t o  keep  t h e  h i g h l y  

e m i t t i n g  l a y e r  a t  t h e  l i n e a r  t e m p e r a t u r e s ,  whereas i n  t h e  gas l a y e r  

close t o  t h e  cold w a l l  there  are s t r o n g  h e a t  s i n k s  t o  keep  t h e  h i g h l y  

a b s o r b i n g  p a r t i c l e s  a t  t h e i r  l o w  l i n e a r  t e m p e r a t u r e s .  

I f  these s o u r c e s  and s i n k s  d i d  n o t  e x i s t ,  t h e  t e m p e r a t u r e  

p r o f i l e  i n  t h e  g a s  l a y e r  would change toward t h e  r a d i a t i o n  e q u i l i -  

br ium t empera tu re  p r o f i l e  s h a p e ,  t h e  g a s  l a y e r  c l o s e  t o  t h e  h o t  w a l l  

would be much c o o l e r ,  and t h e  g a s  close t o  t h e  cold w a l l  would be 

much h o t t e r  t h a n  t h e  l i n e a r  t empera tu re  p r o f i l e  s a y s .  

To m i n i m i z e  e r r o r s  due t o  h igh  l oca l  g r a d i e n t s  a s  t h e y  

t u r n e d  o u t  for l i n e a r  t e m p e r a t u r e s ,  t h e  s t e p  s ize  i n  t h e  i t e r a t i o n  

method can be v a r i e d  so as  t o  decrease t h e  s ize  of increment  Ax w i t h  

h i g h  g r a d i e n t s .  

A g r e a t  number of  h e a t  f l u x  computa t ions  h a s  to be r u n  i n  

order t o  ana lyze  t h e  e f fec ts  of p a r t i c l e  s izes ,  p a r t i c l e  m a t e r i a l s ,  

w a l l  p r o p e r t i e s ,  w a l l  t e m p e r a t u r e s ,  e t c . ,  on  r a d i a n t  t r a n s f e r  and 

t o  f i n d  t h e  ways t o  i n f l u e n c e  i t  by s u i t a b l e  seeds or a b l a t i o n  l a y e r s .  

The immediate knowledge of  t h e  heat  f l u x e s  th roughou t  t h e  r e g i o n  is 

o f  g r e a t  h e l p .  For t h i s  r e a s o n ,  i t  is t h o u g h t  t h a t  t h e  i t e r a t i o n  

method p r e s e n t s  an  a p p r e c i a b l y  be t t e r  means t h a n  t h e  e a r l i e r  methods. 
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